Examination of the spectrum of opportunistic pathogens which commonly establish growth along mucosal surfaces before causing disease reveals that many are facultative aerobes (31, 34) . A transition from anaerobic to aerobic metabolism may be important for pathogenicity in an opportunist if it is to adapt from colonization of anaerobic mucosal surfaces to growth in the oxygenated bloodstream.
The manganese-superoxide dismutase (Mn-SOD) of Escherichia coli K-12 is not expressed anaerobically but is dramatically induced after exposure of the cells to oxygen (18) . During the transition from anaerobic to aerobic conditions, Mn-SOD is the most strongly induced E. coli protein as assessed by two-dimensional protein gel analysis of crude extracts from cells grown in the presence of [35S]methionine (33) . We reasoned that sodA, which encodes Mn-SOD, might be required during the bacteremic phase of opportunistic E. coli infection but not during gastrointestinal (GI) tract colonization, because Mn-SOD may be important during aerobiosis but is not necessary for anaerobic growth. Although it has recently been demonstrated that a sodA mutant of E. coli K-12 was able to grow aerobically (9) , this strain was subject to an aerobic mutation rate nine times that of the wild-type strain (15) .
To examine the role of Mn-SOD in both colonization of the GI tract and invasion of the bloodstream, we constructed a mutant of the opportunistic pathogen E. coli Ki bearing a deletion removing most of sodA. The pathogenicity of this strain was assessed in a neonatal rat model in which oral administration of wild-type E. coli Kl progresses to bacteremia (17) . We report here that the sodA mutant indeed colonized the neonatal rat GI tract normally but also caused * Corresponding author. (8) , and 2124 containing plasmid pPHIJI (P. R. Hirsch, Ph.D. thesis, University of East Anglia, Norwich, England, 1978), have been previously described. E. coli 018ac:K1:H7 strain RS218, provided by R. Silver, was isolated in 1974 from a human neonate with meningitis and has been previously characterized (2, 27, 32) . The alternate designation 018:K1/6, for the temporally and geographically widespread isolates typified by RS218, has been proposed (1) . Plasmid pDT1.5 (38) and its transposon Tn5 insertion mutations (8) have been previously described. Plasmid pRK290 (14) has been previously described. Bacteriophage P1 vir (26) was obtained from P. Orndorff. Murine monoclonal antibody to the Kl capsule (13) was provided by A. Cross.
Recombinant DNA. Plasmid preparations by alkaline lysis, restriction endonuclease digestions, DNA ligation reactions, and blunt-end generation with the Klenow fragment of DNA polymerase I were performed as described earlier (4) . Agarose gel electrophoresis was performed as previously described (4).
Plasmids pDT1.5::Tn5-9 and pDT1.5::TnS-20 (8) were subjected separately to partial SmaI digestion and religation. In each case, among the resulting species which conferred Kmr, a plasmid was isolated which bore a deletion encompassing IS50R and a 3' portion of insert DNA (see Fig. 1 Strain construction in E. coli K-12. In vitro-constructed derivatives of pDT1.5 were propagated in DK1, a recA strain. sodA::nptR inserts constructed in pDT1.5 (see Fig. 1) were subcloned into the IncP Tcr plasmid pRK290. They were then mobilized to the chromosome of the Smr E. coli K-12 strain MC1061 by the marker exchange-plasmid eviction method described previously (29) . Briefly, MC1061 (pRK290 sodA+::nptR) and MC1061(pRK290 sodA-::nptR) were each mated with E. coli 2124(pPH1JI) overnight at 37°C on LB (26) agar at a 1:1 ratio. Plasmid pPHlJI is an IncP plasmid and codes for Gmr. From such a mating, Smr Kmr Gmr pPHlJI transconjugants of MC1061(pRK290 sodA:: nptR) may be tentatively presumed to have undergone loss of pRK290 and therefore to have retained Kmr as the result of a double-crossover event between a plasmid-borne sodA:: nptR insert and the wild-type chromosomal sodA region. Dilutions of the described matings were plated onto LB agar containing streptomycin (25 pg/ml), kanamycin (50 ,ug/ml), and gentamicin (25 ,ug/ml) and grown overnight at 37°C.
Isolates were then screened for Tcs. The Smr Kmr Gmr Tcs segregants were grown in LB broth without selection overnight and screened for spontaneous loss of pPHlJI (Gms) and retention of Smr and Kmr. The putative gene replacement isolates were subjected to Southern analysis as described below.
Bacteriophage P1 transduction in E. coli 018ac:Kl:H7. Phage P1-transducing lysates of MC1061 (sodA+::nptR) and MC1061 (sodA-::nptR) were made by growing P1 vir on each strain in soft agar (26) . The recipient E. coli 018ac: K1:H7 strain RS218 was grown at 32°C to a density of _108/Ml in LB broth supplemented with 5 mM calcium chloride. Following suspension in 0.1 ml of fresh calciumsupplemented medium, 109-CFU portions of RS218 were mixed with 0.1 ml of diluted phage lysate containing 109 PFU. The infection mixtures were incubated at 37°C for 20 min before being washed with and suspended in 0.1 M sodium citrate-supplemented LB broth. They were then incubated at 37°C for 60 min and plated onto LB agar supplemented with kanamycin (50 ,ug/ml) for overnight incubation at 37°C. The resulting Kmr putative transductants were analyzed for physical evidence of recombination at the sodA locus.
Southern analysis. Chromosomal DNAs (4) prepared from wild-type RS218 and the putative RS218 transductants were digested to completion with two combinations of restriction enzymes and electrophoresed in 1% agarose (4) . The gels then underwent alkaline blotting to nylon filters (11), hybridization, high-stringency washing, and autoradiographic analysis (4). The probe was a nick-translated (4) plasmid containing the sodA gene and a Tn5 insertion, pDT1.5::TnS-9.
Serology. Isolates from infected rat tissues were subcultured onto LB agar and tested for the presence of a Kl capsule by slide agglutination in the presence of Kl-specific monoclonal antibody (13) . Wild-type Kl strain RS218 and K-12 strain MC1061 were used as positive and negative controls, respectively. SOD activity assay. Crude extracts of E. coli strains were prepared as previously described (38) . The samples (-20 weeks. On evenings before individual challenges, fresh lawns were grown on LB agar overnight at 37°C. These were suspended and diluted in iced phosphate-buffered saline before inoculation.
Time-synchronized pregnant rats raised in a specificpathogen-free environment were purchased from Taconic Farms, Germantown, N.Y. The pregnant dams were shipped to our facility (Protective Isolation Animal Facility, Children's Hospital, Boston, Mass.) in late gestation in groups of six or more. They were maintained one to a cage in rat isolation cages and fed sterile water and rat chow. The dams were examined for litters twice per day from day 19 of gestation until they had all completed birthing, usually over one 24-h period. At the initiation of an individual experiment, the pups from each litter were systematically distributed among all of the postpartum dams. In this way, the experiments were arranged so that at the time of inoculation each adoptive litter consisted of 8 to 12 pups from four or more litters, each between 12 and 48 h of age. A pilot study of RS218 bacteremia kinetics was conducted with seven litters in a single experiment. A comparison of bacteremias induced by strains RS218, CAB3, CAB4, and MC1061 was conducted in eight experiments with 54 litters.
All of the members of any one adoptive litter were given the same inoculum. Each inoculum, suspended in 10 ,ul of phosphate-buffered saline, was delivered from the tip of a plastic pipette. The pups avidly lapped up the E. coli Kl suspensions. During the course of each experiment, the pups were fed and otherwise cared for by their adoptive mothers.
At 72 h after feeding, the pups were sacrificed by intraperitoneal injection of 5 mg of sodium pentobarbital. Immediately after sacrifice, the chest of each animal was washed with 70% ethanol, and heart blood (0.1 ml) was sampled by percutaneous cardiac puncture. The entire sample was plated on LB agar and incubated for 24 ably because of maternal cannibalism-or dead at 72 h were excluded from analysis. Although skewing of these occurrences toward the highest doses (see Table 1 ) suggested relatedness to Kl pathogenesis, the alternative treatment of all instances of cannibalism and death as positive might have been unwarranted in the absence of positive cultures. Since the bacteremia rates for all three Kl strains approached unity for the doses at which these events were common, inclusion of the missing and dead pups as positive would have resulted in only slightly higher calculated rates. In experiments in which colonization was measured, the abdomens were washed with 70% ethanol and the most distal 0.5-cm segment of stool-filled descending colon was resected through a midline incision. The specimen was then ground, suspended and diluted in phosphate-buffered saline, and plated on MacConkey lactose or LB agar supplemented with kanamycin (50 ,ug/ml), as appropriate. They were counted after incubation overnight at 37°C.
RESULTS
Construction of deletion mutations at sodA and their introduction into the E. coli K-12 chromosome. A prior study used a family of transposon TnS insertions-in a cloned segment of E. coli K-12 DNA containing sodA-to delimit the sodA locus (8) . Two of the Tn5 insertions described in that work were used to construct stable mutations for the present study (Fig. 1) (6) in the in vitro mutagenesis described above and depicted in Fig. 1 . All of the Kmr transductants examined had the predicted chromosomal rearrangements.
Alkaline-blot-hybridization analysis of the transductants confirmed the replacement of the wild-type gene (Fig. 2, C2) .
Wild-type RS218 and its sodA-::nptR and sodA+::nptR derivatives-labeled CAB3 and CAB4, respectively-were further tested for Kl capsule production and SOD activity. As expected, all three strains agglutinated with Kl-specific monoclonal antibody. Crude extracts of wild-type RS218 possessed three species of SOD activity: dimeric Mn-SOD, dimeric iron-SOD, and heterodimeric manganese-iron hybrid SOD. Nondenaturing polyacrylamide gel electrophoresis showed that RS218 (sodA+::nptR), that is, CAB4, contained all three species of SOD activity. In contrast, RS218 (sodA-::nptR), that is, CAB3, contained only iron-SOD and no Mn-SOD or hybrid SOD dismutase activity (Fig. 3) .
The three strains were further tested for growth on paraquat. Paraquat is a redox-reactive compound which, in the presence of oxygen, causes intracellular superoxide production (20) and induction of Mn-SOD (19) (Fig. 4) The proportions of rat pups found to be bacteremic at 72 h over a range of doses from 102 to 109 CFU of strains RS218, CAB3, and CAB4 are shown in Table 1 , columns 1, 2, and 3, respectively, and in Fig. 6 . RS218 bacteremia was detectable at a dose of 102 CFU. The prevalence of RS218 bacteremia rose gradually over the next 7 orders of magnitude of increasing dosage to 109 CFU. All of the pups fed 109 CFU were bacteremic when sacrificed at 72 h. CAB4 bacteremia was essentially indistinguishable from that of wild-type RS218, indicating that neither the transduction procedure per se, nor Kmr, nor deletion of the 0.25-kilobase segment of DNA located 3' to sodA affected this measure of virulence. Surprisingly, the prevalence of CAB3-induced bacteremia was also equivalent to that induced by the wild-type strain, indicating that deletion of sodA had little or no effect on this measure of virulence in neonatal rats. An exception occurred at a dose of 107 CFU, at which CAB3 caused a lower bacteremia rate than did RS218. In contrast to RS218 and its derivatives, E. coli K-12 strain MC1061 caused no detectable bacteremia (Table 1 , column 5; Fig. 6 ).
Because of their equivalence, the data in Table 1 for each dosage of all three Kl strains were combined. The resulting [14] 0.64 (16/25) [5] 0.64 (14/22) [8] 0.67 (47/70) [27] 0 (0/20) (16, 24) . Additionally, the possibility of the importance of Mn-SOD in aerobic growth is underscored by its 71-fold induction in anaerobically growing E. coli exposed to air (33) . It was recently shown that a sodA mutant of E. coli K-12 had an increased rate of spontaneous mutation in air (15) . However, this mutant was /,d{/ nonetheless able to grow aerobically at a normal rate (9) It also remains a formal possibility that anaerobic-toaerobic adaptation is unessential for transition from the GI It should be noted that our result does not rule out the ed against the log dose.
possibility that SOD activity is important for survival in the bloodstream. E. coli possesses a second SOD gene, sodB (30) , which encodes iron-SOD (41) . However, iron-SOD is nia data for RS218, CAB3, and CAB4 are rapidly inactivated by a by-product of its own metabolism, of Table 1 and in Fig. 6 (solid (40) , but flattening of the curve has been prague-Dawley rats, we detected bacternoted with administration of bacteria by the oral route (37) . Ls (Table 1) , that is, at a comparable rate
The usefulness of the response-dose5o calculation is dependent on the validity of a symmetrical sigmoid relationship between the log dose and the response wherein the slope is DISCUSSION steepest at the 50% response point (39) . Because long-term objective of the investigations initiated with this I had little or no effect on either GI tract study is to elucidate the regulatory adaptations which acisition to bacteremia following oral inoccompany bacterial translocation from the GI tract to the rats.
bloodstream. Translocation of E. coli Ki from the GI tract to explanation for the finding that the sodA the bloodstream has been conveniently studied in the suckpable of causing bacteremia is that it was ling rat model for bacteremia following oral inoculation.
INFECT. IMMUN.
Prior to this work, it was not possible to study the effects of targeted mutations on this adaptation by E. coli Kl, although several other clinically important pathogens have been successfully subjected to site-directed mutagenesis (22, 25, 36 (12, 23, 35) . Likewise, a genetically engineered nonreverting E. coli derivative bearing a colonization-positive, invasion-negative phenotype might be clinically useful as a safe and defined implantation strain (7) . Construction of noninvasive colonizing strains for use in therapeutic implantation and/or vaccination by a live vector may be possible by introducing into a potentially invasive strain mutations which render it genetically incapable of adapting from GI tract colonization to bloodstream invasion.
